1. Natural selection can generate correlated suites of phenotypic traits by acting independently on physiological and behavioural characters or on mechanisms that exert pleiotropic actions. 2. Current theory, supported by artificial selection studies, suggests that physiological and behavioural stress responses are at least partially under genetic control and covary in a predictable manner. Indeed, physiological mechanisms such as hormonal stress responsiveness may underlie variation in behaviour, including consistent behaviours described as temperament or personality, with bolder, more exploratory and active individuals being less hormonally responsive to stressors. 3. This relationship, however, has yet to be demonstrated in natural populations. We investigated the relationship between hormonal and behavioural stress responsiveness in multiple natural populations of a tropical freshwater poeciliid fish, Brachyrhaphis episcopi, that experience different levels of predation pressure and hence encounter different rates of stressful events. Predation can impose a strong selection pressure, and living with a high risk of predation is known to select for specific behavioural traits. 4. We quantified variation in stress responsiveness via cortisol release rates (exp. 1) and behaviour in an open field test followed by cortisol release rates (exp. 2). Populations exposed to high levels of predation were consistently more exploratory and active and had lower release rates of cortisol in response to a stressor than conspecifics sampled at sites with few predators. 5. However, this difference in stress responsiveness was only apparent after fish had experienced the mild stress of behaviour testing (in exp. 2), which resulted in elevation of cortisol levels. The relationship between hormone release and behaviour was also not apparent within populations once independent factors were controlled for, highlighting the importance of factors such as size and sex on individual variability. 6. This study demonstrates that the relationship between hormonal and behavioural stress responsiveness can result from natural selection pressures, such as that imposed by predation.
Introduction
Natural selection should favour individuals that alter their physiology and behaviour in response to environmental challenges (Wingfield 2005; Romero, Dickens & Cyr 2009) , adjustments collectively termed the stress response. The intensity or frequency of environmental challenges will exert strong selection on the magnitude of the stress response, owing in large part to the detrimental fitness consequences that can arise from constant activation of the stress axis. Therefore, if populations experience divergent selection regimes, local adaptation to prevailing conditions will result in a reduction of within-population variance and measurable differences in the stress response among populations (Bulmer 1973) . There are, however, a finite number of physiological mechanisms that mitigate an animal's response to environmental challenges, and many of these have pleiotropic effects on the phenotype (e.g. sex and stress steroids; Ketterson, Atwell & McGlothlin 2009; Martin et al. 2011) . This, in turn, can result in high covariance among behavioural traits that are mediated by the same underlying hormonal (or genetic) mechanisms (McGlothlin & Ketterson 2008; Bell & Aubin-Horth 2010) .
Provided that the expression and ⁄ or function of these pleiotropic mechanisms is heritable, we expect that modules of covarying phenotypic characters, instead of singular traits, will evolve in response to selection pressures both within (e.g. at spatiotemporal scales) and between populations (Lande & Arnold 1983; McGlothlin & Ketterson 2008; Bell & Aubin-Horth 2010) . This will result in suites of behavioural traits that are consistent within individuals across time and context, variable among individuals within and between populations, and causally related to some physiological parameter. Behavioural consistencies within individuals and covariance among behavioural traits have been intensely studied over the past decade, which has driven conceptual and empirical advances in our understanding of personality (or temperament; Re´ale et al. 2007; Dingemanse et al. 2009 ), coping styles (Koolhaas et al. 1999; Carere, Caramaschi & Fawcett 2010; ) and behavioural syndromes (Sih, Bell & Johnson 2004) and, indeed, the productive merger of these related ways of thinking about behavioural types (e.g. Re´ale et al. 2010a; Sih, Bell & Johnson 2010) . The fitness consequences of such trait correlations and the mechanisms responsible for integrating the behavioural phenotype are largely unknown. However, steroid hormones, which are pleiotropic in their actions and serve as intermediaries between the genotype and behavioural phenotype, have been associated with the modular organization of behaviour (McGlothlin & Ketterson 2008; Martin et al. 2011) .
Artificial selection studies have shown that selectively breeding individuals that differ in stress responsiveness results in individuals that also differ in their behaviour (e.g. Coturnix japonica, Japanese quail, Jones, Satterlee & Ryder 1994 ; Oncorhynchus mykiss, rainbow trout, Øverli et al. 2007) , and vice versa (e.g. Ovis aries, Merino sheep, Beausoleil et al. 2008) . In general, 'proactive' animals are bolder, more aggressive, remain active in risky situations, but show low behavioural flexibility. Their physiological response to stress involves low responsiveness of the hypothalamus-pituitary-adrenal axis (HPA; the HP-Interrenal in fishes), as indicated by low release of glucocorticoid hormones (primarily cortisol in fish and many mammal species; corticosterone in rodents, birds, amphibians and reptiles) in response to a stressor, and high sympathetic reactivity. In contrast, 'reactive' individuals are less bold and less aggressive and respond to risk with immobility, but are more behaviourally flexible. They respond to stressors with higher release of glucocorticoids and low sympathetic reactivity (Koolhaas et al. 1999; Øverli et al. 2007; Carere, Caramaschi & Fawcett 2010; . Thus, correlations between physiological and behavioural traits with a genetic basis have been found in a range of taxa (for reviews see: mammals, Koolhaas et al. 1999; birds, Cockrem 2007 ; fish, Øverli et al. 2007) .
In contrast, studies of correlations between behavioural profiles and stress responses within natural populations are much more equivocal. Re´ale et al. (2010b) predicted that proactive and reactive individuals should exist within populations, although the variation between individuals is expected to vary along a continuum, rather than to be discrete between two extreme phenotypes. Very few studies, however, link these types of variation in wild animals . For example, in greylag geese (Anser anser), aggressiveness, boldness and dominance covary positively between individuals, but are positively rather than negatively correlated with faecal corticosterone levels after a stressor (Kralj-Fiser, Weiß & Kotrschal 2010) . Behavioural profile is not correlated with post-stressor plasma cortisol in Senegalese sole (Solea senegalensis) although unstressed ⁄ baseline cortisol levels are correlated with some behaviours (Silva et al. 2010) . Proactive and reactive short-tailed singing mice (Scotinomys teguina) can be distinguished through behavioural assays, but neither their baseline nor stressed cortisol levels differ (Crino, Larkin & Phelps 2010) .
Nevertheless, the correlation between behaviour and physiology highlighted by artificial selection studies is expected to arise between populations experiencing different selection pressures. Previous work has shown that selection generates different behavioural profiles between populations, for example, predation pressure on three-spined sticklebacks (Gasterosteus aculeatus, Dingemanse et al. 2007) . To investigate whether differences in predation pressure could result in covariation in behaviour and stress physiology, we studied wild Brachyrhaphis episcopi (Steindacher, 1878; Fig. 1 ) derived from areas with either high or low levels of predation pressure. These fish were sampled from a series of parallel rivers, each with a barrier waterfall that limits piscine predators to areas below the falls. Populations of B. episcopi exist both above and below the falls, and earlier surveys of the predator fauna at these sites reported high numbers of predators in sites below the waterfall, but very few, if any predators above the falls (Brown & Braithwaite 2004) . B. episcopi from highpredation sites are known to be bolder (Brown & Braithwaite 2004; Brown, Jones & Braithwaite 2005) , more exploratory and more active (Archard & Braithwaite 2011) than conspe- cifics sampled from low-predation sites. This suite of behavioural traits appears to be adaptive in that they help fish adjust to the consequences of increased predation pressure.
Given the results of artificial selection studies, and the fact that in high-predation environments animals need to suppress responses to the frequent stressors that living with predators impose, we predicted that fish from high-predation sites would be less stress responsive (release less cortisol in response to a stressor) than those from low-predation sites. Furthermore, we predicted that such physiological changes would correlate with behavioural responses along the proactive-reactive continuum. We tested these predictions using two experiments. In the first experiment, cortisol release rates of fish from high-or low-predation sites were compared. Hormones were collected from fish holding water, a technique that allows hormone quantification from fish that are too small to take non-terminal blood samples (Scott et al. 2008) and that can itself act as a mild stressor (Wong et al. 2008) . The second experiment investigated the relationship between behaviour (exploration and activity) and cortisol release rates among individuals.
Materials and methods

A N I M A L S U S E D
Fish were collected from three small rivers, at one high-predation and one low-predation site per river. Thus, we had three replicate high and three replicate low-predation populations in total (Rio Limbo, Rio Macho and Rio Quedebra Juan Grande (QJG); see Brown & Braithwaite 2004) . Fish were transported to the Pennsylvania State University (March 2010), where they were housed by population in standard 90 cm · 30 cm · 30 cm aquaria, with 16-22 fish per tank. Tanks contained a gravel substrate, plastic plants, power filters, a heater (set to 26 ± 1°C) and the water was 26 cm deep. Overhead fluorescent tube lights were on a 12L : 12D cycle and dimmed to simulate dawn and dusk for 30 min at the start and end of the day. Fish were fed once daily between 0800 and 0830 h with commercial flake food and brine shrimp nauplii, and tanks were cleaned once weekly.
We ran two experiments (exp. 1 and 2) to collect hormone samples. In the first, samples were collected from 96 individual fish (eight males and eight females from each of the six populations). In the second, a further 96 fish were screened in an open field arena, a procedure known to act as a mild stressor (Walsh & Cummins 1976; Re´ale et al. 2007) , immediately before hormone samples were collected. These trials were used to quantify exploration and activity behaviours; open field trials (OFT) have previously been validated and found to be repeatable in B. episcopi (Archard & Braithwaite 2011; G.A. Archard, V.A. Braithwaite & N. Colegrave, unpublished data) . The two experiments were used to compare cortisol release rates between individuals that experienced hormone collection only or between individuals that experienced additional handling and the experience of mild stress associated with OFT.
Final sample sizes were 95 as one water sample was lost during processing for each experiment. Samples were analysed blind to population and sex. After the experiments were finished, all fish were returned to population tanks, so that they could be used in other studies.
Hormone samples were collected from water in which individuals were isolated; this technique is based on the fact that hormones diffusing across the gills into surrounding water reflect circulating hormone levels (Ellis et al. 2004; Wong et al. 2008) . Animals were randomly selected from population tanks as needed. Fish were caught gently with an aquarium net and placed into either a beaker for collection of released hormones (exp. 1, May 2010) or the OFT tank (see below; exp. 2, June 2010). After the OFT, fish in exp. 2 were netted a second time and placed into a beaker for hormone collection. Care was taken not to drip water into the collection beaker from the net. Handling time was recorded as time taken to catch and move the fish from the home tank to the beaker (exp. 1) or from the home tank to the OFT plus from the OFT to the beaker (exp. 2).
Hormone collection occurred in 1 L glass beakers containing 800 mL distilled water. Fish were housed individually for 30 min in covered beakers in a darkened water bath to keep the fish calm and to maintain temperature at 26 ± 1°C. This volume allowed fish to swim freely around the beaker and so minimized compounding the effects of isolation with a confinement stress from being in a small volume of water. After 30 min, a clean net was used to separate the fish from its holding water. Holding water was then immediately frozen at )80°C. To avoid contamination, all beakers and nets involved in hormone collection were rinsed in 95% ethanol, then rinsed in distilled water, and allowed to dry between uses. To minimize diurnal variation in hormone output (Lorenzi et al. 2008) , all samples were collected between 1000 and 1300 h. After all hormone collections, fish were anaesthetized in buffered 2 g L )1 MS-222, and standard length (SL) was determined to the nearest 0AE5 mm.
H O R M O N E E X T R A C T I O N , V A L I D A T I O N A N D A N A L Y S I S
Water-borne hormone samples were defrosted together at 4°C. All 800 mL of each sample was filtered (Whatman Filter paper, Grade 1, 24 cm) then passed through solid phase C18 extraction columns (SepPak Ò Vac 3 cc ⁄ 500 mg; Waters, Inc., Milford, MA, USA) after priming with 2 · 2 mL HPLC-grade methanol followed by 2 · 2 mL distilled water. Water samples were passed to the columns via Tygon Ò tubing (Saint Gobain formulation 2275) and drawn through the columns under vacuum pressure. After extraction, columns were washed with 2 · 2 mL distilled water to purge salts (Earley et al. 2006) . Free hormones were eluted from the columns into borosilicate vials using 2 · 2 mL ethyl acetate (Ellis et al. 2004) . Eluted samples were stored at )20°C until being processed. Processing involved drying the samples under nitrogen gas using an Evap-O-Rac (Cole-Parmer) while in a water bath at 37°C, which resulted in a hormone residue. Residues were then resuspended in 60 lL ethanol and vortexed for 1 min. A total of 1140 lL of enzyme-immunoassay (EIA) buffer (provided with the EIA hormone assay kits) was added to each sample and vortexed for 45 min, resulting in a final resuspension volume of 1200 lL. Enzyme-immunoassay kits (Cayman Chemicals, Inc., Ann Arbor, MI, USA) were used to assay cortisol. Assay details are provided in Lorenzi et al. (2008) ; kit instructions were strictly followed. All hormone samples were analysed blind to population and sex. Samples from both experiments were run in duplicate and analysed together in six 96-well plates. Each plate had a set of controls run in duplicate at the beginning and end; the pooled control was generated by combining 150 lL of hormone resuspension from 40 B. episcopi that were not involved in the experiments. Intra-assay coefficient of variation Ó 2012 The Authors. Functional Ecology Ó 2012 British Ecological Society, Functional Ecology was 5AE9 ± 2AE1% (range: 1AE1-15AE4%). Inter-assay coefficient of variation was 7AE6%.
Times for the reading of plate development were based on manufacturer instructions and previous analyses (R.L. Earley, unpublished data). Ultimately, the development time chosen for statistical analyses was based on a combination maximum binding (B 0 ) subtracted values (within range 0AE6-1AE3) and the highest r 2 values for standard curves (60 min, r 2 = 0AE991 ± 0AE002). Assays were validated for B. episcopi with serial dilutions and cold spike recoveries. Serial dilutions of the B. episcopi pool (1 : 1 through 1 : 64) were parallel to the standard curve, as determined by slope comparisons (t 12 = 0, P = 1AE0; using Zar 1996, p. 355) . Cold spikes were conducted by mixing equal volumes of each kit standard and B. episcopi pooled water extract. The regression of observed vs. expected concentrations yielded slopes of 0AE998. Minimum recovery was 100% (range: 100-136%).
To quantify behaviour differences among the fish, we used the OFT protocol described in Archard & Braithwaite (2011) . Briefly, individual B. episcopi were tested in a plastic arena (length 48 cm · width 30 cm · height 28 cm), with water depth 10 cm, covered on all external sides with black plastic. The base was marked with a grid (4 cm · 5 cm) and a line 4 cm from the sides to delimit edge and centre zones. At the start of each trial, a fish was placed in a clear plastic cylinder (diameter 10 cm) in the centre of the arena and left to settle for 2 min. The cylinder was then remotely removed via a pulley, and behaviour was recorded for 8 min, via a video camera positioned above the arena. Videos were analysed, blind to population, using Etholog v2.2.5 (Ottoni 2000) to record fish location (edge vs. centre) and movement over the lines on the bottom of the arena. The following variables were then calculated: Proportion of time spent frozen, overall rate of exploration [number of lines crossed ⁄ total time (s)], rate of movement when not frozen [number of lines crossed ⁄ time spent moving (s)], latency to first reach the edge (s) and latency to choose to return to the centre of the arena (s), and proportion of time spent in the centre, and mean duration of visits to the centre (both adjusted for the latency to first reach the edge).
S T A T I S T I C S
All data are given as means ± SE. Cortisol data were calculated as release rates in pg g
)1 h
)1
. They required log 10 transformation prior to analyses and are presented as such throughout. Variables from OFT covary and so were summarized in a principal components analysis (PCA) prior to hypothesis testing. Cortisol data were analysed using ANCOVA, whereas principal components with Eigenvalues >1AE0 were entered into a MANCOVA. Predation regime, river and sex were independent factors, and SL and handling time were covariates, in both analyses. All model residuals were normally distributed.
Release rates in pg g )1 h )1 are standard in quantification of remote measures of fish hormones (Scott et al. 2008) . However, B. episcopi are size dimorphic, with females being both longer and more robust than males. Because of the allometric relationship between gill surface area and body volume ⁄ mass, calculating rates per gram body mass therefore inflates values for males compared to females. However, this issue is controlled for by the combination of (a) log 10 transforming hormone data, (b) using both sex and SL in the ANCOVA and (c) adding the sex · SL interaction term to the model used to analyse cortisol. Where necessary, to clarify effect directions in models, parameter estimates are given (B ± SE; estimates are given in full in Table S1 , Supporting information).
To correlate the behaviour PCs with the hormone variable, they need to be normally distributed: PC1 required a log 10 transformation. To overcome the negative values, 3AE1 was added to all PC1 scores prior to transformation, where 3AE1 was the maximum negative value converted to an absolute value, plus one. Correlations were carried out both as Pearson's and as partial correlations, controlling for variation due to predation regime, river, sex, standard length and the sex · SL interaction.
Results
Fish SL did not differ between predation regimes (F 1,181 = 2AE45, P = 0AE12), rivers (F 2,181 = 1AE72, P = 0AE18) or between the two experiments (F 1,181 = 1AE52, P = 0AE22). Females were larger than males (females = 36AE64 ± 0AE48 mm, males = 24AE04 ± 0AE29 mm; F 1,181 = 551AE84, P < 0AE001), and there were some significant interactions with sex (see Table S2 and Fig. S1 , Supporting information). As a consequence of this difference in SL, and the fact that, like other poeciliids, females are more robust in body shape than males, females were also heavier than males (females = 1AE25 ± 0AE05 g, males = 0AE30 ± 0AE01 g;t 108AE82 = 19AE55,P < 0AE001).
H O R M O N E M E A S U R E S
Predation regime affected cortisol release in exp. 2, but not in exp. 1 (Table 1 ). In exp. 2, fish from low-predation populations released more cortisol than those from high-predation populations ( Fig. 2a ; low compared to high-predation B ± SE: exp. 1 = 0AE11 ± 0AE01; exp. 2 = 0AE13 ± 0AE08). Fish that experienced longer handling times had higher cortisol release rates (Table 1 ; Fig. 2b ). This effect was exaggerated in exp. 2 when fish were handled twice and were tested in the OFT before hormone collection (Table 1 ; B ± SE: exp. 1 = 0AE002 ± 0AE001; exp. 2 = 0AE004 ± 0AE001). As a result of this, cortisol release rates were higher in exp. 2 than exp. 1 (log 10 release rates: exp. 1 = 2AE37 ± 0AE03 pg g
, exp. 2 = 2AE46 ± 0AE03 pg g
; two-sample t 188 = 1AE98, P = 0AE050). Cortisol release rates were significantly influenced by SL: larger fish had lower release rates (Table 1 , Fig. 2c ; B ± SE: exp. 1 = )0AE07 ± 0AE01; exp. 2 = )0AE05 ± 0AE01). Males appear to have a higher per gram release rate than females (Fig. 2c) . However, this relationship is likely to be an artefact of the way release rates are calculated, and when SL and the sex · SL interaction are controlled for the effect is reversed (males compared to females B ± SE: exp. 1 = )0AE81 ± 0AE39; exp. 2 = )0AE63 ± 0AE34). Fish from different rivers had different cortisol release rates in exp. 1, but not exp. 2 (Table 1; see Table S1 for B ± SE).
O F T B E H A V I O U R
Principal components analysis on the seven OFT behaviour variables gave two usable principal components: PC1 explained 49AE08% of the variance in the data set (Eigenvalue = 3AE44), and PC2 explained 25AE08% of the remaining variance (Eigenvalue = 1AE76), giving a cumulative variance explained of 74AE16%.
The ordination of PC1 is affected by four behaviours: the proportion of time frozen, latency to reach the edge of the OFT arena and latency to return to the centre all covaried positively with one another and negatively with rate of exploration. In contrast, PC2 was dominated by the proportion of time spent in the centre and the mean duration of visits to the centre, both of which covaried negatively with the rate of movement when not frozen (Table 2) .
Multivariate tests on the two sets of PC factor scores show that the predation regime effect approached significance. There was no sex effect, but the predation · sex interaction also approached significance. OFT behaviour differed between rivers, and the river · sex interaction was significant. There was no effect of SL or handling time, and all other interactions were non-significant (Table 3 , Fig. 3) .
Between-subjects tests show which PC axes were affected by the independent factors identified in the overall tests. The predation effect approached significance for PC1, and the predation · sex interaction was significant. PC1 also differed significantly between rivers. Only the river · sex interaction was significant for PC2 (Table 3) . However, Fig. 3a appears to show a sex effect on PC1 that is not apparent in the MAN-COVA. To investigate this, a minimum model ANCOVA was performed on the PC1 factor scores. When SL drops out of the model, there is a significant sex effect, and the final model shows that PC1 scores were higher for females than males (females = 0AE38 ± 0AE16, males = )0AE39 ± 0AE10; F 1,89 = 19AE40, P < 0AE001). In addition, the predation effect is significant (high-predation = )0AE18 ± 0AE13, low-predation = 0AE18 ± 0AE15; F 1,89 =4AE19, P = 0AE044). The river (Limbo = 0AE07 ± 0AE19, Macho = )0AE42 ± 0AE13, QJG = 0AE34 ± 0AE18; F 1,89 = 7AE33, P = 0AE001) and predation · sex (F 1,89 = 5AE93, P = 0AE010) effects present in the overall MAN-COVA are also significant. Thus, high-predation fish were more explorative and more active than low-predation fish. Females were less explorative and less active than males, and the interaction with predation regime is due to the predation effect being stronger in females than in males (Fig. 3a) . These differences are clear despite differences in exploration and activity between rivers.
R E L A T I N G B E H A V I O U R T O H O R M O N E S
Cortisol release rates from exp. 2 were negatively correlated with the log 10 (PC1 + 3AE1) factor scores (r 94 = )0AE29, 
Standard length 0AE12 2,79 0AE890 Handling Time 0AE51 2,79 0AE601 Predation 2AE50 2,79 0AE089 3AE00 0AE087 1AE97 0AE164 1,80 River 2AE73 4,158 0AE031 5AE46 0AE006 0AE12 0AE880 2,80 Sex 0AE82 2,79 0AE444 Predation · river 0AE92 4,158 0AE455 Predation · sex 2AE75 2,79 0AE070 5AE02 0AE028 0AE39 0AE535 1,80 River · sex 2AE73 3,158 0AE031 0AE75 0AE475 4AE74 0AE011 2,80 Predation · river · sex 1AE40 4,158 0AE237
Variables were summarized by principal components analysis, resulting in 2 PCs, which were analysed with MANCOVA. Overall effects are shown as Wilk's lambda F, d.f. and P values. Betweensubjects effects for PC1 and PC2 are shown as F ratios and P values are given, with the same d.f. for both PCs. Significant effects are shown in bold. Proportion of time spent frozen 0AE27 )0AE15 Rate of exploration )0AE27 )0AE08 Rate of movement 0AE18 )0AE24 Latency to reach the edge 0AE21 )0AE17 Latency to return to the centre 0AE25 )0AE19 Proportion of time spent in the centre 0AE04 0AE46 Mean duration of visits to the centre 0AE09 0AE45
Principal component coefficients with an absolute value above 0AE20 are described in the text and highlighted in bold. Fish with higher PC1 scores were more exploratory and active, and froze less. Fish with higher PC2 scores had lower rates of movement and stayed for longer in the centre of the arena (see Table 2 ). QJG = Rio Quedebra Juan Grande. Errors bars are ±1 SE.
Ó 2012 The Authors. Functional Ecology Ó 2012 British Ecological Society, Functional Ecology P = 0AE005; Fig. 4 ), but were not correlated with the PC2 factor scores (r 94 = 0AE10, P = 0AE341). Thus, fish with higher cortisol release rates had lower PC1 scores -they froze less, were more explorative and moved more in the OFT. However, the equivalent partial correlations, controlling for SL, handling time, predation regime, river and sex (and the interactions) were non-significant for both PC1 (r 94 = 0AE01, P = 0AE468) and PC2 (r 94 = 0AE11, P = 0AE143).
Discussion
There were differences in both behaviour in the OFT and cortisol release between high-and low-predation populations.
As seen previously (Archard & Braithwaite 2011) , B. episcopi from high-predation populations were more explorative, more active and froze less than those from low-predation populations. High-predation fish also had lower cortisol release rates than low-predation fish, which is similar to the relationships reported between behavioural profiles and stress hormones in artificial selection studies (Koolhaas et al. 1999; Øverli et al. 2007; . Thus, as predicted, we found a correlation between behavioural and hormonal profiles across natural populations experiencing different selection pressures. The data therefore suggest that selection owing to predation pressure acts on both behaviour and physiology to adapt the fish to the local environment. It is possible that other selection pressures, for example, habitat and resource differences between upstream and downstream populations, may also play a role in generating this covariance between traits. Predation pressure is, however, the clearest difference between the pairs of populations and represents a large selective force, even via non-lethal effects (Lima 1998) . By limiting their stress responses, both physiologically and behaviourally, fish from high-predation populations can still carry out essential tasks needed for maintenance, growth and reproduction even under repeated threats of predation (Lima & Dill 1990; Ferrari, Sih & Chivers 2009) . Although the genetic basis for stress responsiveness has not been demonstrated in B. episcopi, at least one aspect of the behavioural profile is heritable (boldness; Brown, Burgess & Braithwaite 2007) . Artificial selection studies in many other species, including fish (e.g. O. mykiss, Øverli et al. 2007) , have shown that both behaviour and stress responsiveness are at least partially genetically determined. What is not known is whether the stabilizing selection imposed by predation acts independently on stress responsiveness and behaviour, whether stress physiology determines behaviour for example via hormone actions on the brain, or whether pleiotropic effects control both sets of responses (McGlothlin & Ketterson 2008; Ketterson, Atwell & McGlothlin 2009; Martin et al. 2011) .
Interestingly, the effect of predation regime on cortisol release was only present in exp. 2, where fish had experienced an OFT before water-borne hormone collection. We believe that the differences between exp. 1 and 2 are associated with the time course of the stress response. Given the time-scale of collection (30 min) and stress imposed by the technique (Wong et al. 2008) , the remote water-borne hormone assay does not measure exact baseline (non-stressed) cortisol concentrations. However, cortisol release rates measured in exp. 1 were presumably closer to baseline than those in exp. 2; fish in exp. 1 were transferred directly from the home tank to collection beakers, whereas fish in exp. 2 experienced an OFT prior to hormone collection (an additional isolation of 10 min) and were handled and moved twice rather than once. Transfer to a novel environment (e.g. into the OFT) is itself a mild stressor that can cause elevated cortisol levels (e.g. in Salmo trutta, sea trout, Lepage et al. 2000) . The predation effect on cortisol release was therefore only apparent after fish were serially stressed in exp. 2.
It is not known exactly how long it takes for B. episcopi to mount a peak cortisol response to an acute stressor, or how quickly changes in plasma cortisol are reflected in cortisol measurable via remote hormone collection. However, in a variety of fishes, plasma cortisol is known to be elevated after an acute stressor for at least 1 h (Barton 2002) . In O. mykiss, cortisol release rates peaked 1 h after an acute handling stressor, returned to baseline after 3 h and were highly positively correlated with plasma cortisol levels (Ellis et al. 2004) . Furthermore, this interpretation is supported by the overall cortisol release rates, which were higher in exp. 2 than exp. 1, and the effects of increased total handling time within each experiment, which led to increased cortisol release rates.
In contrast to the population effects, the relationship between behaviour and stress hormones between individuals did not provide support for the hypothesis of a relationship between behavioural and stress hormone profiles. Overall, exploration ⁄ activity was positively correlated with cortisol release rates, the opposite to what was predicted. After controlling for population and sex effects, however, this relationship between behaviour and cortisol disappeared. This lack of effect within populations has been found in a number of studies, in both natural (e.g. In natural populations, stabilizing selection such as that imposed by predators will act to eliminate variation within populations (Bulmer 1973; Carere, Caramaschi & Fawcett 2010) . This means that even if relationships between traits exist, they will be harder to quantify (Steimer & Driscoll 2005 ). The addition of many different types of environmental variation to wild animal phenotypes compared to captive populations may exacerbate this and result in a lack of correlation within populations between stress hormones and behaviour. Furthermore, if there are no pleiotropic interactions between physiology and behavioural phenotypes, then there is no reason to expect a relationship will exist at all. For example, if physiology and behaviour were under the control of different genes, an ecological selection pressure that differs between populations (in this case predation) could cause covariance in those phenotypes between populations, with no subsequent within-population correlations. Similarly, an ecological constraint could affect phenotype without selection on the genotype. These environmental effects could be epigenetic, learned or they could be short term and hence not necessarily measurable when individuals are tested in the laboratory. There is also increasing theoretical evidence that consistent behavioural differences within individuals are related to measures of state as well as genetics (e.g. Dall, Houston & McNamara 2004; Wolf & Weissing 2010) , some of which may change with ontogeny, for example, body size. These effects will be greater in natural populations, where there is a wider range of environmental conditions and hence a larger variety of individual 'states'.
In summary, we have demonstrated that hormonal and behavioural profiles were correlated between natural populations undergoing different selection pressures. We did not find evidence to support this correlation between individuals, that is, within populations. Predation pressure in B. episcopi selects for individuals that are more explorative, more active and bolder, but release less of the stress hormone cortisol in response to a stressor. These results mirror and extend the earlier results of artificial selection studies on captive animals.
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